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Report Title
Final Report: Metal-Semiconductor Nanocomposites for High Efficiency Thermoelectric Power Generation

ABSTRACT

Demonstrated high ZT~1.7 at 800K for the first time in nanostructured III-V material (0.12-0.5% ErAs:InGaAs). Successful electron
transport modeling can explain temperature dependent Seebeck coefficient and mobility without fitting parameters. For the case of 0.8%
TbAs:InGaAs, a ZT of 1.04 at 600K was demonstrated. Interestingly power factor enhancement for TbAs is much bigger than that for ErAs
nanoparticles. However ErAs nanoparticles give higher thermal conductivity due to their smaller size (1nm vs. 2-5nm). Detailed
experimental optimization of p-ErSb:InxGal-xSb lead to ZT=0.57 at 530K. In the case of metal/semiconductor multilayers, observed giant
cross-plane Seebeck coefficients of 2,560 ?V/K at room temperature and 16,640 7V/K at 360 K, and extremely low room temperature
thermal conductivity of 0.92 W/mK for La0.67Sr0.33MgO3/LaMnO3 perovskite oxide metal/semiconductor superlattices. Excellent
agreement with the first principle calculations. First measurements of Seebeck for nitride superlattice (130uV/K at 700K). Matches
theoretical Seebeck at high-temperatures. This corresponds to ZT>2.5 with measured thermal conductivity and theoretical electrical
conductivity. Finally, demonstrated fast Seebeck mapping with a novel multi-probe scanning Seebeck system. This is now used by BSST
(Gentherm) to study the uniformity of variety of TE materials. Finally performed a detailed cost/efficiency trade off analysis for TE power
generation and first analytical calculation of stress in multi-leg TE modules. The new model shows that the shearing stress under temperature
gradient can be significantly reduced with low fractional area coverage of TE elements.
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Some highlights of achievement:

= Demonstrated ZT~1.6-1.7 at 840K (0.5% ErAs:InGaAs) -UCSB/UCSC/Berkeley

= Demonstrated ZT~1.8 at 780K (0.12 % ErAs:InGaAs) —-UCSB/UCSC/Berkeley

= Giant cross-plane Seebeck coefficients of 2560 pV/K at room temperature and 16,640 puV/K at 360
K, and extremely low room temperature thermal conductivity of 0.92 W/mK achieved for
Lag ¢7S10.33Mg03/LaMnO; perovskite oxide metal/semiconductor superlattices — Purdue/UCSC

= Epitaxial ScN film deposited by reactive DC magneton sputtering on MgO(001) substrate:
measured ZT ~ 0.3 at 800 K, power factor of 33~35 24 pW/cmK? at 600 ~ 840 K, and cross-plane
thermal conductivity of 8.3 W/mK at 800 K. Excellent agreement with the first principle
calculations —Purdue/UCSC

= Successful electron transport modeling for ErAs:InGaAs with nanoparticle scattering calculations —
explains temperature dependent Seebeck coefficient and mobility without fitting parameters
(UCSC/Purdue)

» High temperature characterization of 0.1-5% TbAs:InGaAs, ZT of 1.04 at 600K for 0.8%
TbAs:InGaAs (power factor enhancement: 83%)—Delaware/UCSB/Berkeley

= ErSb:InyGa;Sb optimization: p-type: for x=0.69, highest measured ZT=0.57 at 530K and highest
measured power factor: 24 pW/cmK? at 455 K. ~UCSB/Berkeley

= Demonstrated range of possible ErSb nanostructures in GaSb including highly regular nanowires —
UCSB

= Observation of thermionic emission in nitride superlattices —Purdue/UCSC

= Theoretical optimization of nanoparticle size and potential profile, power factor enhancement
50%~90% for InGaAs and InGaSb based materials -UCSC

= Excellent agreement between theory and experiment for ErSb:InGaSb thermal conductivity —
Berkeley/UCSB

= Fast Seebeck mapping with a novel multi-probe scanning Seebeck system (used to study the
sample uniformity for bulk grown rare-earth/III-V’s); Correlation with extensive composition
analysis using EDS — BSST/Purdue

» First measurements of Seebeck for nitride superlattice (130uV/K at 700K). Matches theoretical
Seebeck at high-T. This corresponds to ZT>2.5 with measured thermal conductivity and theoretical
electrical conductivity —-MIT/Purdue

= Consistent thermal conductivity measurements of nitrides (Z-meter, thermoreflectance, 3w); and
ZT of ErAs:InGaAlAs —-MIT/UCSB/UCSC/Berkeley

= Technology impact (cost/efficiency trade off analysis for TE power generation) —-UCSC

= First analytical calculation of stress in multi-leg TE modules. -UCSC

= Theoretical prediction that the shearing stress under temperature gradient can be significantly
reduced with low fractional area coverage of TE elements —-UCSC/Purdue

In the following, we will describe the main technical achievements by each team which covers all
aspects of material growth, modeling and simulations, characterization, device fabrication, efficiency
measurements and the system requirements.



1. Electron transport modeling of metal-semiconductor nanocomposites
(UCSC/Purdue)

A. Electron transport modeling and optimization in n-type ErAs:InGaAs

We have successfully measured ZT of 0.5% ErAs:InGaAs to be ~1.6-1.7 at 840 K, and ZT of 0.12 %
ErAs:InGaAs to be ~ 1.8 at 780 K. As shown in Fig. 1, the ZT values increased with temperature from
room temperature to 840 K, which indicates that the transport in this nanocomposites is still unipolar
(electron) with intrinsic carriers much smaller than the doping level (1.7 x 10" ¢m™) up to this high
temperature due to the fairly large band gap of InGaAs (740 meV). ZT~1.6 at 840 K and ZT~1.8 at
780 K are much higher than ZT~1.33 at 800 K that was previously obtained from 0.6%
ErAs:InGaAlAs (20% Al). This is mainly due to the higher electron mobility in InGaAs host matrix
than that in InGaAlAs: alloying with Al increases both band gap and effective mass of electron in
InGaAs. We included the composition-dependent band structures parameters as well as the modified
phonon and alloy scattering parameters in the modeling to explain the thermoelectric properties of this
material. For example, we adapted the literature values of electron effective mass for (InGaAs);.
x(InAlAs), lattice-matched to InP, which is (0.041*(1-x)+0.075*x)my, in our multi-band Boltzmann
transport model. Also the nanoparticle scattering rate calculated by the partial wave method has been
added to the total scattering rate to fit the electrical conductivity and Seebeck coefficient as a function
of temperature for ErAs:InGa(Al)As.
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Figure 1. Temperature dependent ZT of n-type ErAs:InGaAs, ErAs:InGaAlAs and the reference
sample Si:InGaAlAs and p-type ErSb:InGaSb and the reference sample Be:InGaSb.



Fig. 2 presents the electrical conductivity of 0.5% ErAs:InGaAs in comparison with those of 0.6%
ErAs:InGaAlAs (20% Al) and Si-doped InGaAlAs (20% Al). Due to its lighter effective mass, the
electrical conductivity of 0.5% ErAs:InGaAs was higher than those of InGaAlAs at similar doping
levels. The carrier density was ~ 1.7 x 10'® cm™ for 0.5% ErAs:InGaAs, only slightly increasing with
temperature, indicating the activation energy of the ErAs doping is a very small positive value. For
comparison, 0.6% ErAs:InGaAs showed the carrier density more rapidly increasing from 8 x 10'7 cm™
at 300 K to 2.0 x 10" cm™ at 840 K. The Si-doped control sample has the constant electron density at
1.9 x10'™ ecm™ in this temperature range. Even though their carrier densities were similar, 0.5%
ErAs:InGaAs showed higher electrical conductivity that the control InGaAlAs sample due to higher
mobility: 14% higher at 300 K and 30% higher at 840 K. The nanoparticle scattering reduced mobility
in the ErAs:InGaAs sample slightly (~5%) from its control, Si-doped InGaAs. On the other hand, 0.6%
ErAs:InGaAlAs showed lower electrical conductivity than those of the other two samples even though
the carrier density was higher. This is because its mobility was largely suppressed by the nanoparticle
scattering and the impurity scattering.
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Figure 2. Electrical conductivity as a function of temperature for 0.5 % ErAs:InGaAs and 0.6 %
ErAs:InGaAlAs (20% Al). For comparison, the values of Si-doped n-type control InGaAlAs are also
shown. Symbols are measured values, and solid curves are theoretical calculations.

The Seebeck coefficients, shown in Figure 3, increased with increasing temperature for all the three
samples. The increasing rate of Seebeck coefficient with temperature was smallest for 0.6%
ErAs:InGaAlAs because the carrier density increased with temperature. The Seebeck coefficients of
0.5% ErAs:InGaAs and the Si-doped InGaAlAs did not look very different, almost identical within the
error bars for similar carrier densities. This is a clear evidence of the similar band structures with good
quality of crystals for these two samples. The 0.6% ErAs:InGaAlAs showed higher Seebeck
coeffcients than the other two samples due to the lower carrier densities. At higher temperatures, the
nanoparticle scattering also helped the Seebeck coefficient stay high for 0.6% ErAs:InGaAlAs
compared to the control sample at the equivalent doping level. Even though the Seebeck coefficient of



0.6% ErAs:InGaAlAs was higher than that of 0.5% ErAs:InGaAs at 840 K, its power factor was lower
because of the lower conductivity.
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Figure 3. Seebeck coefficient as a function of temperature for 0.5 % ErAs:InGaAs and 0.6 %
ErAs:InGaAlAs (20% Al). For comparison, the values of Si-doped n-type control InGaAlAs are also
shown. Symbols are measured values, and curves are theoretical fittings.
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Based on the modeling and fitting with experimental data, we calculated the power factor as a function
of carrier density at 840 K for both ErAs:InGaAs and ErAs:InGaAlAs. The results are shown in Fig. 4.
The measured data points are shown as filled dots in the figure. It is shown that the two samples are
near optimal, with their power factors only a few % lower than the maximum power factors predicted
by the theory. This well-designed power factor is the result of our previous experience with this
material system and successful modeling. In terms of power factor, InGaAs host matrix is a better
choice than its Al alloys.

B. Improvement of ZT in p-type ErSb:InGaSb

Base on the InyGa; «Sb growth condition optimization we achieved during DARPA phase I, we have
been focused on achieving high quality InyGa;«Sb films codoped with Er and Be in order to obtain a
higher ZT. A series of 2 um thick ErSb:p-InyGa,;«Sb with different In compositions were grown. The
In compositions in these samples were intended to be 10%, 30%, 50% and 70%. The actual values are
calculated from the XRD data and they vary slightly on the samples grown at different times.

High quality MBE-grown films insure the accurate thermal conductivity measurement by three omega
method. Figure 16 (section on thermal conductivity) shows the temperature dependent thermal
conductivity of a series of InyGa;.xSb samples with and without ErSb incorporation measured by Joe
Feser and Dongyan Xu at UC Berkeley. A clear reduction in thermal conductivity by ErSb
incorporation is demonstrated in samples with different In compositions. Thermal conductivity
reduction by alloy scattering is also demonstrated as the In composition increases. Most of these
samples were measured up to 800 K without indication of degradation. Data up to 600 K are shown
here because the Seebeck coefficient and electrical conductivity measurements have been performed
up to 600 K.

The ErSb concentration in these samples is kept around 0.8% by volume. The figure-of-merit ZT
calculated at room temperature for these samples shows an enhancement of more than 2 times from In-
0.15Gag gsSb (ZT=0.076) to ErSb:Ings9Gag31Sb (ZT=0.168). With continuous optimization in overall
doping levels and ErSb concentration, the ZT can be further improved. We selected the best room
temperature performance samples, which have ~70% In, and passivated them with SiN,/SiO, followed
by (Pt/Ti/Pt/Au) metallization for high temperature measurement. The temperature dependent ZT of
Be doped Ing7Gag3Sb and ErSb:plng¢oGag3:Sb are shown in Fig. 2 as a comparison to the other Er-
based thermoelectric materials. Substrate effect started to show up when the temperature was higher
than 520K so the data for p-type ErSb:InggGags;Sb and Ing;Gag3Sb are only showed up to that
temperature. With careful substrate removal and transfer, we will be able to measure the thermoelectric
properties on these p-type antimonide thermoelectric materials up to a higher temperature therefore a
higher ZT is still very promising.

Theoretical calculation shows that the n-type InyGa,;«Sb has an optimized ZT with ~70% In. Since we
have succeeded in growing high In composition films, we will be able to dope these relevant In,Ga,.
«Sb with Te and optimize the thermoelectric properties in the near future.



2. Cross-plane thermoelectric properties of perovskite oxide metal/semiconductor
superlattices (Purdue/UCSC)

The cross-plane thermoelectric transport properties of Lag ¢751033:MnO3(LSMO)/LaMnO(LMO) oxide
metal/semiconductor superlattices were investigated. The LSMO and LMO thin-film depositions were
performed using pulsed laser deposition to achieve low resistivity constituent materials for
LSMO/LMO superlattice heterostructures on (100)-strontium titanate substrates. The schematic of the
structure and the x-ray diffraction result are shown in Fig. 5. X-ray diffraction and high-resolution
reciprocal space mapping indicate that the superlattices are epitaxial and pseudomorphic.
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Figure 5. Schematic of metallic LSMO (8 nm)/semiconducting LMO (8 nm) superlattice
(LSMO/LMO)51 structure grown by PLD (left), and the x-ray diffraction 2-theta-omega scan of the
superlattice (right).

Cross-plane devices were fabricated by etching cylindrical pillar structures in superlattices using
inductively, this coupled-plasma reactive-ion etching. The crossplane electrical conductivity data for
LSMO/LMO superlattices reveal a lowering of the effective barrier height to 223 meV as well as an
increase in cross-plane conductivity by an order of magnitude compared to high resistivity
superlattices as shown in Fig. 6(a). These results suggest that controlling the oxygen deficiency in the
constituent materials enables modiication of the effective barrier height and increases the cross-plane
conductivity in oxide superlattices.

The cross-plane LSMO/LMO superlattices showed a giant Seebeck coeficient of 2560 IV/K at 300 K
that increases to 16 640 1V/K at 360 K as shown in Fig. 6(b). The giant increase in the Seebeck
coefficient with temperature may include a collective contribution from the interplay of charge, spin
current, and phonon drag. The low resistance oxide superlattices exhibited a room temperature cross-
plane thermal conductivity of 0.92 W/m K, this indicating that the suppression of thermal
conductivities due to the interfaces is preserved in both low and high resistivity superlattices. The high
Seebeck coefficient, the order of magnitude improvement in cross-plane conductivity, and the low
thermal conductivity in LSMO/LMO superlattices resulted in a two order of magnitude increase in
cross-plane power factor and thermoelectric figure of merit (ZT), compared to the properties of
superlattices with higher resistivity that were reported previously.
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Figure 6. (a) Arrhenius plot of cross-plane LSMO/LMO superlattice electrical conductivity. The fitting

extracted an effective barrier height of 223 611 meV. (b) The LSMO/LMO superlattice cross-plane
Seebeck coefficient measurement using thermal imaging technique.

3. Epitaxial ScN films deposited by reactive magneton sputtering (Purdue/UCSC)

Epitaxial ScN(001) thifilms were grown on MgO(001) substrates by dc  reactive magnetron
sputtering. The deposition was performed in an Ar/N2 atmosphere at 2 x10~ Torr at a substrate
temperature of 850 °C in a high vacuum chamber with a base pressure of 10 Torr. Figure 7 is an

FESEM plan-view image of a ScN film obtained using a high resolution through-lens backscattering
electron detector.

100 nm|

 E—

Figure 7. Plan-view FESEM image of the ScN surface showing the formation of square flat-topped
mounds with average estimated feature size of 40 nm.

The square densely packed features with an average feature size of 40 nm are present on fiim

surface. These features correspond to the formation of kinetically driven mound structures. Similar
formations were previously observed in some semiconductors and transmission metal nitrides as well
as in ScN single crystalline sputtered thin films. An Ehrlich-Schwoebel surface diffusion barrier



inhibits adatom migration down steps, thereby promoting nucleation on terraces and leading to the
formation of mounds. As thidm growth continues, mounds connect along the edges with the
development of the cusps. Shadowing during further deposition and reduced adatom mobility at cusps
leads to nanopipe formation along the mound edges and surface roughening. Thus, these features with
four-fold symmetry, as expected for the nucleation of rocksalt ScN, represent the growth front of the
ScN thinfilms. Nevertheless, the film surface is relatively smooth with a root mean square (RMS)
surface roughness of 0.31 nm obtained from the AFM 2 x2 pm area scan.

In spite of oxygen contamination of 1.6 £ 1 at. %, the electrical resistivity, electron mobility, and
carrier concentration obtained from a typicalfilm grown under these conditions by room temperature

Hall measurements are 0.22 mQ-cm, 106 cm? V! s'l, and 2.5 x 10%° cm'3, respectively. These films

exhibit remarkable thermoelectric power factors of 3.3-3.5 x 10° W/mK? in the temperature range of
600 K to 840 K as shown below in Fig. 8. The cross-plane thermal conductivity is 8.3 W/mK at 800 K
yielding an estimated ZT of 0.3.
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Figure 8. (a) In-plane electrical conductivity, (b) in-plane Seebeck coefficient, and (c) power factor of a
ScN film measured under vacuum in the 300-840 K temperature range. The power factor increases
with temperature reaching a maximum value of 3.5 x10~ W/mK? at 600 K, which is in good agreement
with the theoretical optimal power factor.

Theoretical modeling of the thermoelectric properties of ScN calculated using a mean-free-path of 23
nm at 300 K is in very good agreement with the experiment. Note that the theoretical Seebeck was set
equal to the experimental Seebeck in order to determine the location of the Fermi level at each
temperature. The extracted Fermi level was used to compute the electrical conductivity. The theoretical



power factor was calculated using a mean-free-path for backscattering of 23 nm at 300 K. The optimal
power factor was obtained by varying the location of the Fermi level to maximize the power factor.
These results also demonstrate that further optimization of the power factor of ScN is possible.

First-principles density functional theory combined with the site occupancy disorder technique was
used to investigate the effect of oxygen contamination on the electronic structure and thermoelectric
properties of ScN. The computational results suggest that oxygen atoms in ScN mix uniformly on the
N site forming a homogeneous solid solution alloy. Behaving as an n-type donor, oxygen causes a shift
of the Fermi level in ScN into the conduction band without altering the band structure and the density
of states as shown in Fig. 9.
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Figure 9. Calculated densities of electronic states as a function of the oxygen content in ScN films. The
Fermi energy shifts in the conduction band as the concentration of oxygen is increased in ScN from
0.00 to 6.25 at. %, while the basic electronic band structure is preserved. Insert is the second-order

polynomial fit of (Er — E¢) vs. oxygen concentration, which is used to estimate the position of the
Fermi energy for oxygen content below 1.56 at. %.

4. Z-meter optimized for characterization of superlattice laminates (Purdue)

Through support of the DARPA grant a novel approach was developed for fabricating bulk-like
laminate thermoelectric elements from nanostructured thin film superlattices (Figure 10).

The laminate process demonstrates the feasibility of fabricating bulk-like devices for real world
applications and these bulk-like elements make it possible to simultaneously measure the
thermoelectric properties (S, o, and k) of metal/semiconductor superlattices using a Z-meter, a custom
characterization tool originally designed at MIT. Measuring the thermoelectric properties of the
thermoelectric element provides a feedback loop for optimization of film parameters.



Figure 10. FESEM image of a polished 300 um x 300 pm x 290 um (Hf0.5Zr0.5)N/ScN laminated
thermoelectric element.

Initial measurements of laminate thermoelectric elements were conducted with a Z-meter at MIT.
However, the MIT Z-meter was not able to go to very high temperatures with moderate temperature
gradients. It therefore became critical that Purdue optimize this characterization technique to extract
material properties which show the potential of metal/semiconductor multilayers.

S. TbAs:InGa(A)As nanocomposites growth (Delaware)

In the past year, both the growth and characterization efforts at UD have made substantial progress.
Specifically, we have grown TbAs:InGaAs and TbErAs:InGaAs materials, determined optimal TbAs
concentrations over a wide temperature range, and successfully demonstrated significant increases in
thermoelectric power factor (more than 80% increase vs. InGaAs) and ZT (ZT ~ 1.1) at moderate
temperatures (up to 600K). Additionally, our understanding of TbAs and TbAs-containing materials
has been advanced significantly, enabling further advances. On the characterization side, we have
characterized the structure and composition (XRD and RBS) as well as the electronic transport
properties (wide-temperature Hall effect and room-temperature Seebeck coefficient) of these materials,
and through collaborations with UCSC, UCSB, and UC Berkeley, determined nanostructure (STEM),
thermal conductivity (TDTR and 3®), and moderate temperature thermoelectric properties (electrical
conductivity and Seebeck coefficient from low temperature up to 600K).

The rationale behind TbAs-containing materials was based on the expected band alignment between
TbAs and InGaAs. In previous work, ErAs:InGaAs thermoelectric materials (with ErAs composition >
0.3%) did not show a significant increase in thermoelectric power factor because the ErAs nanoparticle
pinned the Fermi level the near conduction band edge. Power factor was increased in ErAs:InGaAlAs
materials, but the InGaAlAs matrix was not ideal due to its wider bandgap, larger effective mass, and
lower mobility. By switching the rare-earth species from erbium to terbium, it was expected that the
Fermi level would be pinned slightly lower, allowing energy-dependent carrier scattering without the
inherent disadvantages of aluminum containing materials.



In previous years of the program, significant challenges consisted of developing of a highly-custom
molecular beam epitaxy (MBE) system for the growth of rare-earth-V (RE-V)/III-V nanocomposites
and determining the parameters required to grow terbium containing materials. Through these
successes, significantly more rapid progress has occurred in the past year. Specifically, achievements
within the past year include:

e Growth of TbAs:GaAs nanocomposites

o Demonstration of high resistivity and short carrier lifetimes in these materials

o Determination of relationship between TbAs content and lattice parameter
through x-ray diffraction (XRD) and Rutherford Backscattering Spectrometry
(RBS) study of materials with varying Tb concent

o Demonstration of nanoparticle formation (through both optical absorption and
Scanning Transmission Electron Microscopy studies) with sizes of ~Inm
diameter

o Characterization of band structure in TbAs nanoparticles (demonstrating
probably presence of a bandgap within TbAs nanoparticles)

e Growth of TbAs:InGaAs nanocomposites

o Determination of structure and presence of nanoparticles (including STEM)

o Measurement of room-temperature (RT) thermoelectric properties (Hall effect,
conductivity, Seebeck coefficient, and thermal conductivity) vs. TbAs content,
showing an optimum RT performance in 0.3% TbAs samples (ZT~0.2)

o Determination of optimal moderate temperature (< 600K) performance in ~0.8%
TbAs samples, with >80% increase in power factor (significantly larger than any
other material to date) and highly-promising ZT ~ 1.1 at 600K.

o Found lack of significant thermal conductivity reduction in TbAs:InGaAs
(compared to ErAs:InGaAs), leading to theory (now being tested) that strain
(~2.2% in ErAs:InGaAs, <0.9% in TbAs:InGaAs) contributes significantly to
phonon scattering

e Growth of TbErAs nanoparticles

o Theorized that mixed-RE materials could allow both the large increases in
power factor in TbAs:InGaAs and significant reductions in thermal conductivity
observed in ErAs:InGaAs.

o Grown a variety of concentrations of Tb and Er in TbErAs materials, which are
currently being tested

e Hall effect characterization of project materials

o We have measured the carrier concentration and mobility of a wide variety of
project materials (from UD, Purdue, and UCSB) over a wide temperature range
(20-800K) to aid understanding of project materials.

6. Nitride Metal/Semiconductor Superlattices (Purdue)

A. Scandium nitride optimization for nitride metal-semiconductor superlattices

Hall effect measurements of the original scandium nitride (ScN) thin-films showed -carrier
concentrations of 7-10% - 2.10*' cm™ with low mobility values of 0.6 - 2.5 cm*/V-s. Ideally, the carrier



concentration should be < 10" cm™. Various causes have contributed to these less than ideal electrical
properties. First, it was discovered that multiple scandium targets were contaminated with tungsten
(2.7 — 3.7 atomic %). New tungsten-free scandium targets led to an increased mobility (25 cm®/V-s) in
the as-deposited ScN thin films, but no significant reductions in the carrier concentration (3-10%° -
2-10*' cm™). Subsequent x-ray photoelectron spectroscopy (XPS) results revealed the presence of high-
levels of oxygen contamination (4 - 20 atomic % depending on growth parameters) in the ScN thin-
films, with oxygen acting as a donor. The high levels of oxygen lead to highly degenerate ScN films
with carrier concentrations in the 10%°-10*' cm™ range and a lower than desirable electron mobility.

Purifiers were installed on the nitrogen and argon process gas lines of the nitride sputter deposition
system to eliminate any potential oxygen source from these process gases. The purifiers did not alter
the oxygen levels detected in the ScN thin films, which leads us to believe that the oxygen source is
residual water vapor. Internal IR bake-out lamps and a liquid nitrogen cold-trap are currently being
reviewed as candidates for reducing residual water vapor in the chamber. Correlations between the
ScN microstructure (TEM imaging) and oxygen concentrations of thin films grown under a variety of
deposition conditions indicate that post-growth oxidation is potentially occurring along grain
boundaries. The fact that the measured carrier concentration (Hall effect) does not track with the
oxygen concentration supports the hypothesis of grain boundary oxidation. Additional ScN samples
with in-situ nickel diffusion barriers (capping layer) are currently being characterized by glow
discharge spectroscopy to determine whether oxidation is dominant during growth or post-growth.
Reducing or eliminating oxygen from the ScN thin films is critical for optimizing the carrier
concentration and electron mobility, thus explaining the reason for continued focus in this area.

B. Contact resistivity of nitride metal-semiconductor superlattices

Electrical characterization of the nitride metal-semiconductor superlattices requires contacts with
extremely low contact resistivity (e.g. 10® Ohm-cm?). In addition, low contact resistivity values are
necessary for reduced parasitics in bulk-like laminate structures. Fortunately, the nitride metal-
semiconductor superlattice structures end with a metallic nitride (e.g. HfN or ZrN), which allows a low
resistivity metal-metal contact to be fabricated. However, Cr-Au and Ti-Au contacts on metallic
nitrides initially showed unsuitably high contact resistivity values (e.g. 10° Ohm-cm?), presumably
due to surface oxidation. Further research revealed that a simple surface treatment of the metallic
nitride in buffered oxide etch (BOE) prior to contact deposition lowered the contact resistivity to less
than 107 Ohm-cm”. IVT measurements corroborate these results. The resistance values of the IVT
pillar device structures indicate a contact resistivity < 5-10® Ohm-cm?®, which shows that the metal-
metal contacts are initially of excellent quality. Preliminary contact annealing studies indicate that
repeated temperature cycling does not significantly alter the contact properties. However, issues with
the IVT measurements that are used for barrier height characterization indicate that a diffusion barrier
between the chromium/titanium and gold may be required to ensure stable contacts at elevated
temperatures. Devices are currently being fabricated with Pt diffusion barriers for further IVT
characterization.

C. IVT characterization of nitride metal-semiconductor superlattices
Nitride metal-semiconductor superlattices of varying composition and period have been sputter

deposited and fabricated into pillar device structures using focused ion beam (FIB) milling. Please
refer to the summary from the University of California, Santa Cruz for detailed IVT analysis of these



samples. To summarize, IVT results have so far shown thermionic behavior in ZrN (4nm)/ScN
(12nm) superlattices with calculated barrier heights consistent with previously deposited ZrN/ScN
superlattices. Additional ZrN/ScN superlattices with constant ZrN thickness (4 nm) and varying ScN
thickness (i.e. 4, 8, 20, and 50 nm) have been deposited, but IVT results only show metallic behavior.
The cause of the inconsistent IVT measurements is still being investigated, with likely causes being
residual damage from the FIB process or contact degradation. HfN/ScN superlattices have only
exhibited metallic behavior, indicating a negligible or non-existent Schottky barrier height.

As discussed in the previous section, IVT results indicate that the contacts have an initial contact
resistivity < 5-10° Ohm-cm®. However, repeated temperature cycling of the thermionic behaving
ZrN/ScN superlattice shows that the superlattice reverts back to metallic behavior after multiple
temperature cycles. These results indicate potential contact degradation, but the contact annealing
studies contradict this hypothesis. To sort out this contradiction, research on the effect of temperature
cycling on contact integrity is currently ongoing.

7. Bulk Growth of (Ga,Jn)As and (Ga.,In)Sb with Erbium nanoprecipitates
(Purdue)

Bulk ingots of (Gagglng2)Sb with varying erbium concentrations (0.5%, 1%, 2%, and 3%) and (Ga,.
«Iny)As with varying indium concentrations (x=0.1, 0.2, 0.3, and 0.5) and varying erbium
concentrations (1%, 2%, and 3%) were grown and characterized. The overall indium concentration
measured with EDS was much lower than expected (e.g. 1% indium present in 10% nominal indium)
and the indium exhibited a non-uniform spatial distribution. The microstructure was composed of
grains with widely varying indium concentrations and the erbium was present in large grains (i.e. ~100
um) of ErSb and ErAs instead of forming nanoprecipitates. Due to growth difficulties, the bulk growth
project was defunded to maintain focus on the nitride metal-semiconductor superlattices.

8. MOCVD growth (UCSC)

With the support of DARPA/DSO, we have been conducting two development activities; Equipment
Development and Thermoelectric Materials Development by metal organic chemical vapor deposition
(MOCVD) in collaboration with Structured Materials Industries, Inc. (Piscataway, NJ). One graduate
student researcher (Takehiro Onishi/UCSC, 50%) and one engineer (Elane Coleman, SMI Inc., 5%)
have been supported by this program. The focus has been to develop Zn-doped InGaSb and InSbAs
ternary alloys that contain ErSb nanostructures by MOCVD. The MOCVD efforts are viewed as a
complementary approach to those conducted with molecular beam epitaxy within this program. We
have also devoted ourselves developing InGaAs ternary alloys that contain ErAs nanoparticles because
of InGaAs being lattice-matched to semi-insulating InP substrates simplifying the extraction of
thermoelectric properties and clarifying advantages offered by employing MOCVD for this program.
The following sections describe the progress of the MOCVD efforts (Please note the MOCVD efforts
have been ceased as of February 3, 2011 due to the realignment of the program).



A. Reflection Absorption InfraRed Spectroscopy (RAIRS)

Since over all physical properties of nanocomposites (i.e.,
ErSb/InGaSb and ErSb/InSbAs) depend critically on the size
and volume density of semi-metallic nanoparticles, accurate
and precise control on the delivery of an Er precursor and
assessment on the incorporation of Er on InSb surfaces are
imperative. Unlike molecular beam epitaxy, in-situ growth
monitoring systems capable of characterizing and estimating
the presence of a small amount
of materials on a growing
surface are not generally
available in MOCVD therefore;
we  explored an  ex-situ
calibration technique, RAIRS, to collect information on vibrational
modes of In-H bonds existing on InSb surfaces and to calibrate a small
amount of ErSb delivered onto InSb surfaces during MOCVD growth
runs.
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Fig. 11: The deposition rate of ErSb
thin films on InSb(100) surfaces.
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fé%;jéfﬁ;giﬁgi;&;les two growth parameters; growth temperature and Sb/Er molar flow rate
with various amounts of ErSh.  ratio. Apparently, the growth rate of ErSb is extremely sensitive to these

two growth parameters, clearly suggesting the need for an ex-situ
calibration technique with sensitivity of few ErSb monolayers.

Fig. 12 shows RAIRS spectra obtained from four ErSb samples with different amounts of ErSb (7.2 to
21.5 monolayers) deposited on InSb surfaces. It is apparent that as the amount of deposited ErSb
increases (i.e., InSb surface area decreases), the RAIRS absorption peaks associated with the In-H
bonds (~1740 cm™) decreases. Also notable in Fig. 4 is the capability of RAIRS to distinguish a 2.3
ML difference in the ErSb amount. To further assess the small amount of ErSb deposition profiled by
RAIRS, we also investigated surface morphology of the two samples representing 7.2 ML and 21.5
ML by atomic force microscope (AFM) as shown in Fig. 13(a) and (b), respectively. Clearly seen are
ErSb islands covering the surface of InSb buffer layers. On the 7.2 ML sample in (a), the InSb surface
is approximately 65.3% covered and on the 21.5 ML sample in (b), the InSb surface is approximately
81.5% covered. These AFM results are consistent with the RAIRS results and further qualify RAIRS
as a competent ex-situ calibration technique for evaluating the deposition of few to tens of mono-layer
amounts of ErSb on In-H terminated InSb surfaces.
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Fig. 13: AFM images of (a) 7.2ML ErSb and (b) 21.5 ML ErSb deposited on
InSb(100) surfaces.

B. Thermal conductivity of ErSb/InGaSb:Zn and ErSb/InSbAs:Zn nanocomposites

Using MOCVD, we grew two types of nanocomposites, Zn-doped ErSb/InGaSb and Zn-doped
ErSb/InSbAs. Cross-sectional transmission electron microscope (XTEM) images obtained from
ErSb/In;.xGa,Sb:Zn(x=0.97) and ErSb/InSb;_yAs,:Zn (y=0.41) nanocomposites are shown in Fig. 14(a)

and (b), respectively. The XTEM images were collected along [110] zone-axis.
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Fig. 14: XTEM image of (a) Zn-doped ErSb/InGaSb nanocomposite and (b) Zn-doped ErSb/InSbAs nanocomposite.

Fig. 14(a) reveals that a group of 20-30 nm diameter ErSb nanocolumns formed in the InGaSb:Zn host
while Fig. 6(b) shows a large number of ~30 nm diameter ErSb nanoparticles formed in the InSbAs:Zn
host. We further utilized time domain thermo-reflectance (TDTR) to determine thermal conductivity of
another set of nanocomposites at room temperature (Prof. Ali Shakouri’s group/UCSC). The thermal
conductivity obtained for ErSb/InSb;.yAs,:Zn (y=0.41) nanocomposite is 4.0+ 0.6 W/mK, which is
slightly lower than the alloy limit. The thermal conductivity of ErSb/ In; Ga,Sb:Zn (x=0.35)
nanocomposite is found to be 7.1 + 0.7 W/mK, which is slightly higher than the alloy limit.

C. Extended X-ray Absorption Fine Structure (EXAFS)



EXAFS data were collected at the Er L3 edge at the Stanford Synchrotron (Prof. Frank
Bridges’ group/UCSC) for a range of samples in which ErSb nanoparticles were embedded in either
GaSb or InGaSb host with Er concentrations in the range from 0.5% to 10% (The samples were grown
by Prof. Art Gossard’s group/UCSB). EXAFS probes the local structure of the Er atoms in the samples.
The data for two thin films (thickness 2 um and 100 nm) of pure ErSb are shown in Fig. 15(a) as a
reference. The first peak is for Er-Sb and appears to be a
double peak (with maxima at 2.3 and 2.9 A) but is only a 03 F
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. . . Fig. 15: EXAFS of ErSb/GaSb and
Wthh' nanopart'lcle su.rface effects become important, or ErSb/InGaSb nanocomposites.
there is more disorder in the crystal structure. We conclude
that ErSb nanoparticles have atomically sharp boundaries in
both GaSb and InGaSb hosts for concentrations in the range of 0.05-10%. The varying amplitude of
the Er-Er peak may indicate the presence of nanoparticles with different sizes or more disorder. More
detailed measurements would be needed to estimate the nanoparticle sizes. Our results show that
EXAFS is a useful technique for determining the local structure around dilute atoms such as Er and
can verify whether clustering has occurred.
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9. High temperature characterization (UCSC., UCSB)

A. Substrate transfer for high temperature measurements

Oxide-to-oxide bonding is desired for the substrate transfer for high temperature electrical
measurements. PECVD (Plasma-Enhanced Chemical Vapor Deposition) SiO; is highly insulating and
stable at very high temperatures so that it is commonly used for high temperature insulation and
surface encapsulation. The reactive hydrophilic surface and structural porosity of SiO, layers make the
oxide a good bonding interface layer as well, and even lower the required temperature for strong
covalent bonding. We performed the oxide bonding for this substrate transfer task (see Figure 16 for
process flow). The bonding was annealed at 300°C for two hours to increase the bond strength. This



annealing temperature is quite low compared to those of other conventional bonding techniques, which
are often as high as 1000. Lowering the bonding temperature is very important because  strain
induced by the thermal expansion mismatch between the two bonded substrates can degrade the
material quality and change the properties of the materials involved. Our strain analysis indicates that
less than 5% of electrical conductivity at 800 K is altered by the additional strain from the oxide
bonding.

For high yield from the bonding process, ultra low surface roughness is required. The surface
roughness of the commercial Sapphire wafer used in the bonding process was as low as 5 A, and the 30
nm thick PECVD SiO, that was used as a bonding interface layer had peak-to-peak roughness less than
10 A, which is in a suitable range for bonding. However, the I1I-V InGaAlAs epitaxial layer grown by
MBE had surface oval defects which were as tall as 2 um from the epitaxial surface. In order to
remove those defects from the film, a photolithography process was performed to make a 20~30 um in
diameter open hole of photoresist around each oval defect. Then the sample was dipped in
H3P0O4:H,0,:H,0=1:5:15 to etch the open area down to the substrate and remove the oval defects. In
the microscopic view of the bonded surface in Fig. 9 (left), one can see open holes in the thin film
where the oval defects were removed by wet-etching. A square cloverleaf shaped van der Pauw (vdP)
pattern with large contact areas on the four corners is fabricated on the 2 um epitaxial layer by reactive
ion etching (RIE) with Cl, gas as shown in step 5 in Fig. 16, after which surface passivation and
metallization are performed (Fig. 17 right).
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Fig. 16 Substrate transfer processing steps.



Fig. 17: (left) The bonded surface after the substrate wet etching and patterning of 0.5% ErAs:InGaAs.
The total size of the bonded thin film area is 5.5 x 5.5 mm?; (right) A picture of the final substrate-
transferred sample after a series of high temperature measurements up to 850 K.

A measurement has been done on 0.2% ErAs:InGaAs. The results of electrical conductivity is shown
in Fig. 18. It can be seen that at high temperatures substrate conduction and backside silver paste
leakage dominate in the sample without substrate transfer. It is necessary to transfer the film to non-
conducting substrate for accurate high temperature measurements.
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Fig. 18: Electrical conductivity of ErAs:InGaAs.



B. Characterization of InGaAs thin films embedded with rare earth nanoparticles

UCSB group developed an accurate and repeatable method for measurement of the Seebeck coefficient
using an epitaxial reference. Steps for improving repeatability of high-temperature measurements was
necessitated by a recent review article by the National Institute of Standard Technologies in the Journal
of Applied Physics. (J. Martin et al., “High-Temperature Seebeck Coefficient Metrology”, J. Appl.
Phys., Vol. 108, 121101, 2010)

UCSB group also characterized Terbium-doped InGaAs grown by the Zide group, University of
Delaware, and demonstrated a record power factor of 4.16x10° W/m-K* at 550 K on this material
system using a new high-temperature (1000 “C maximum) vacuum chamber purchased under DARPA
funding. We are also currently investigating a large discrepancy in Hall Effect measurements before
and after standard wet chemical processing of Terbium doped InGaAs. Although the samples with
highest power factors were relatively low doped and therefore did not suffer from this issue, the high
doping regime is also worthy of characterization due to the promise of low thermal conductivity, and
the source of these discrepancies needs to be investigated before reliable measurements can be reported
on high (> 3%) Terbium-doped InGaAs.

Thermoelectric transport properties of InGaAs with high concentration of semimetallic TbAs
embedded nanoparticles were studied in 300-600K temperature range at UCSC. Nanoparticle
concentration studied were over 1%, in a regime where coherent multiple scattering could affect
electron transport. Scattering by ionized embedded nanoparticles which are approximately one
nanometer in diameter is significantly different from the standard ionized impurity doping. The
Seebeck coefficient and electrical conductivity were characterized as a function of temperature. The
occurrence of the energy dependent electron scattering was experimentally observed. The Seebeck
coefficients were higher than that of pure InGaAs alloy at the same doping level for all the
compositions considered. The electrical conductivity increased for the compositions with 1.3% and
1.55% of TbAs nanoparticles leading to over threefold thermoelectric power factor enhancement in the
nanocomposite with 1.3% of Tb content. The measured room temperature thermal conductivity of
TbAs:InGaAs nanocomposites was lower than that of pure InGaAs alloy resulting in further
optimization of the thermoelectric performance. For these high terbium content samples, the maximum
ZT = 0.3 was obtained at 500K for the composition with 1.3% Tb content. The measurement results
are shown in Fig. 19.
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Fig. 19: (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor, and (d) ZT, of high Tb
concentration TbAs:InGaAs.

We also observed interesting anisotropic thermoelectric properties in the sample with 2.77% Tb
content. It was found that it was 33% more resistive in one direction. The results are summarized in
Fig. 20. We believe that this anisotropy is connected with the diffusion of the nanoparticles during the
growth. The nanoparticles tend to diffuse along the fast diffusion direction (most probably along (110)).
As the result the potential barriers are formed, which would affect the electronic transport across them.
The measured Seebeck coefficient across the barriers (along the more resistive direction) was lower.
However, as the temperature increased, the electron energy became enough to overcome the barriers
and the thermopower approached the value measured in the direction along the barriers.
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Fig. 20: Electrical resistance (a) and the Seebeck coefficient (b) measured in perpendicular directions
in TbAs:InGaAs nanocomposite with 2.77% of Tb content.

C. Characterization of p-type ErSb:InGaSb
UCSC and UCSB groups performed electrical conductivity and Seebeck measurements on p-type

ErSb:InGaSb. As can be seen in Fig. 21, very good agreements between UCSC data and UCSB data
have been obtained.
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Fig. 21: Seebeck and Electrical conductivity of p-type InGaSb and ErSb:InGaSb.

D. Characterization of ZrN/ScN superlattices grown at Purdue

UCSC group have optimized the UCSC cryostat system for measuring IVT curves for electrical
conductivity. We have modified the chamber to measure two devices on a sample simultaneously. We
have also totally automated the measurement software so the experiment does thorough analysis that
can take place overnight.

We observed thermionic trends in resistance versus temperature curves of the nitride superlattices.
Specifically, we have only observed it consistently in ZrN/ScN superlattices with a period of
4nm/12nm at a thickness of 1lum. Other periods and thicknesses have not shown repeatable trends as of
yet. However, each cycle through high temperature measurements (up to 650 K) has had slightly



changing behavior. In the Conductivity versus Temperature data shown in Fig. 22, it shows that in the
first day of measurement, the thermionic behavior is weak. On the second day, the thermionic trend is
very strong, for a time, reaches a plateau, and then continues upward again. On the third day, the first
thermionic trend does not appear, but there is an increase corresponding with the second trend of the
second day. Our best explanation for this behavior is that there are multiple superlattice barriers in the
material, corresponding the 62 and 63. 61 corresponds to an electrical shunt that dominates at the
lower temperatures. After each high temperature cycle, the electrical shunt seems to dominate more.

We have performed thermoreflectance imaging to observe Seebeck improvement with temperature.
Thermoreflectance takes advantage of the small change in material reflectivity with temperature. By
looking at the change in temperature as a function of current, we can determine the Seebeck coefficient
of the material, and then we can heat the sample to get the Seebeck coefficient as a function of
temperature, as shown in the Fig. 23. We see a substantial improvement of Seebeck coefficient as
temperature increases. Further tests will be done with more temperature steps to get a more accurate
picture of the Seebeck coefficient’s behavior as temperature increases. Unfortunately, the
thermoreflectance system is not in vacuum, so the temperature we can measure up to is limited. If we
go beyond 450 K, the sample will begin to degrade outside of vacuum due to oxidation. We plan to put
the samples in vacuum during future measurements.
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Fig. 22: Temperature dependence of electrical conductivity for ZrN/ScN superlattices and electrical
network model.
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Fig. 23: Seebeck coefficient of ZrN/ScN superlattices as a function of temperature.

10. Thermal conductivity measurements and models (Berkeley)

Metal/semiconductor nanocomposites are promising material systems in the aspects of thermopower
enhancement due to phenomena such as energy dependent charge carrier filtering, and thermal
conductivity reduction by phonon scattering across interfaces or at nanoparticles. Especially, our
previous study successfully demonstrated that the alloy limit could be beaten by embedded
nanoparticles, which scatter mid to long-wavelength phonons in addition to alloy scattering. At UC
Berkeley, the three-omega method was used to characterize the thermal properties of molecular beam
epitaxially grown metal-semiconductor nanocomposites, which corresponds to newly given tasks in the
past year, for a temperature range from 40K to 800K.

To summarize, in the past year, we have progressed in the p-type ErSbiln Ga_Sb
following areas: S e
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2) Thermal characterization of rare earth (Terbium)-
doped InGaAs alloys: We have measured the
thermal conductivity of numerous InGaAs films
with different TbAs concentrations.

3) Thermal characterization of HfN:ScN superlattices: | | . .
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Figure 24. Temperature dependent thermal
conductivity measurement on a series of
In,Ga;,Sb samples with different In
compositions and either doped with or without
ErSb.



A. Thermal characterization of Erbium (Er)-doped InGaShb:

Inspired by the impressive results from Er-doped InGaAs, the p-type analog of Erbium doped InGaSb
is considered as a promising candidate for solid state energy conversion. An initial trial was performed
with Er-doped GaSb which has superior hole-mobility. Regarding the thermal property of this material,
most of the heat is carried by short wavelength phonons so that significant reduction of thermal
conductivity is not possible. Therefore, in order to scatter the short wavelength phonons efficiently,
Indium was introduced and the Indium content (x) of InyGa; Sb was gradually increased to x=0.7 to
find the optimum value. As predicted, the samples with higher Indium contents show lower thermal
conductivity values.

Figure 25 shows simulation results based on the Boltzmann

10

transport theory considering various scattering rates such as

normal, Umklapp, alloy and nanoparticles. The alloy 8 :

scattering rate (ralloy'l) is expressed as T‘w 73
r;,}oy < x(1-x)@’, *

where x and o are alloy composition and phonon angular 4

frequency, respectively. Thus, relatively lower thermal

conductivity near x=0.5 is explained by the above relation. 7

Additionally, because short wavelength phonons play an 4 =

important role in heat transport, the optimum size of 0.0 o8 1.0
embedded nanop articles, . which  minimizes  thermal Figure 25 Contour ka‘)f;dl(t)l? %glcgrflzrecrl(t)nductivity for
conductivity, becomes relatively smaller to be about 2 nm.  ErSb:inGaSb as a function of particle size and Indium
However, thermal conductivity changes less along the  content(fixed 1% vol ErSb)

diameter direction, which indicates weak scattering by
nanoparticles as shown in Figure 25.

Diameter (hm}

T

B. Thermal characterization of Terbium (Tb) doped InGaAs alloys:

The studies for the thermal characterization of Er-doped III-V materials have been reported previously,
which attracted much attention due to the advantages of Er,

such as electron donation and thermal conductivity 6
reduction. Similar to its counterpart of Er, Tb is expected to
donate electrons to an embedding matrix in the same way.
Moreover, by virtue of a larger lattice constant of Tb -
compared to Er, the Fermi level of TbAs:InGaAs will be z -

pinned near the conduction band edge resulting in an 3 | 0 S
improvement in the power factor. TbAs:InGaAs samples ¥ ) i

0% TbAs
0.3% TbAs
0.8% TbAs
1.55% TbAs

Ooee

2 L
with different TbAs concentrations of 0, 0.3, 0.8 and 1.55% i
have been measured. Based on the TEM images provided I - e
by the growers, no nanoparticle was found in the 0.3% Ob v v v v
TbAs sample, possibly due to high solubility of TbAs in 0 200 400 600 800
InGaAs. On the other hand, nanoparticles with a ~ 1 nm T (K)

diameter were observed in the 0.8% TbAs sample. EXCGpt Figure 26 Experimentally measured thermal conductivity
0 . . of TbAs:InGaAs alloys
for the 1.55% TbAs sample, as shown in Figure 26, the



thermal conductivity from these samples shows a trend that is opposed to what we expected: material
with a higher nanoparticle concentration would have lower thermal conductivity because of mid to
long-wavelength phonon scattering in addition to the alloy scattering. We plan to do a detailed
comparison of 3w measurement results with TDTR to see if we could identify the reason for abnormal
thermal conductivity of TbAs:InGaAs samples.

C. Thermal characterization of HfN:ScN superlattices:

HfN:ScN is a promising material for thermal to electric

20 energy conversion due to its almost perfect lattice match,
; energy-dependent  electron  filtering and thermal
conductivity reduction across the interfaces. We previously
reported the thermal conductivity of (Hf,Zr)N:(Sc,Y)N
superlattices. A major issue of the previous nitride samples
was possible contamination of Sc. In the past year, we

4 7 e 6.4nm HINA.3nm ScN i have measured newly grown HfN:ScN superlattices free of
: © NoScN deposited W contamination. Figure 27 shows the measured thermal

0 ——— conductivity of the superlattice on a silicon substrate. The

200 400 600 800 . . .. .

T(K) bulk-like behavior of thermal conductivity might be due to
Figure 27 Experimentally measured thermal conductivity an lmperfeCt formation of a lattice structure durlng gI‘OWth
of HfN:ScN superlattices grown on silicon substrates process.

6 - Figure 28 shows the thermal conductivity of the
superlattice, grown on an MgO substrate in which lattice
spacings are 8.9 nm and 2.6 nm for HfN and ScN,

4 L

respectively. Above 600K, low thermal conductivity
contrast between the sample and background made it
2L difficult to utilize a 3w differential method. As shown in
Figure 20, phonon contribution in thermal conductivity
seems to be less significant as indicated by gradually

0 I | I | I | I | I | I . . o e . . .
increasing the thermal conductivity with increasin
0 100 200 300 400 500 600 tg y &
emperature.
T(K) P

Figure 28 Experimentally measured thermal conductivity
of 8.9 nm HfN: 2.6 nm ScN superlattice grown on a MgO
substrate

11. Thermoelectric characterizations at MIT

A. Z-meter

The experimental setup (Fig. 29) build at MIT includes a Z-meter with a high temperature ceramic
heater, a measure bar and an active load setup for simultaneous measurements of thermoelectric
parameters (Seebeck coefficient, electrical conductivity and thermal conductivity), generated power
and efficiency.
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Fig. 29: Z-meter setup for high temperature characterization

Metal/semiconductor superlattice (SL) structures were characterized using the Z-meter. These samples
were bulk-laminate structures with stacks of 5 um SL layers. Initial measurements resulted in very low
Seebeck coefficients (~ 10s uV/K - similar to metal), primarily due to metal shorts created during
dicing process (Fig. 30a). New samples were polished with 3 um diamond lapping disc to get rid of
gold on the edges (Fig. 30b). During initial measurements, it was also noticed that the material
degraded considerably at large temperature gradient, primarily due to thermal stress at the contact
layers. In order to keep the thermal gradient below 200 K, the Z-meter setup was slightly modified by
wrapping a rope heater around the measure bar sitting below the sample.
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Fig. 30: (a) Nitride superlattice bulk-laminate samples (gold shorts at the edges created during dicing);
(b) polished nitride sample with visibly less gold shortenings between TE layers

The first Seebeck coefficient measurement results for (Hf, Zr)N/ScN sample are shown below (Fig.
31a). The sample was 280 um thick with 40 SL layers (5 um each) and 80 gold layers (1 pum each).
The cross section area was ~ 300 um x 300 um. Steady increase in the Seebeck coefficient was
measured compared to the previous unpolished samples. The highest Seebeck coefficient ~ 130 uV/K
was measured at an average temperature of 830 K, which is comparable to high temperature
conventional TE material such as silicon germanium.



The electrical conductivity measurement was dominated by the interface parasitic (Fig. 31b). The
matched load resistance showed no dependency on temperature. The estimated Ohmic contact of 1.3e-
5 Qcm? is enough to give a resistance of 1.15 Q for 80 gold layered TE sample, indicating that the
contact resistance dominates the measurement.
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Fig. 31: (a) Seebeck coefficient measured for the nitride SL structure; (b) measured matched load
resistance at various average temperatures

The second set of samples measured was CuBond36 (HfN/ScN) metal/semiconductor superlattice
structure (Figs. 32-33). These samples had 85 um of active TE superlattices (17 layers - each 5 um
thick). The total gold contact layer was 34 um. The sample was 110 um x 300 um x 377 pm.

Purdue-jls 5.0kV 34.5mm x250 SE(L) 1/31/2011 14:03 200um

Fig. 32: HfN/ScN superlattice structure (110 pm thick sample)

The thermal conductivity measured between 300-650 K were 2.4-4.4 W/m K, consistent with 3-®
measurement for similar samples. The Seebeck coefficient was 20-65 nV/K, similar to the previously
measured values for the polished sample within the measured temperature range.
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Fig. 33: Measured Seebeck coefficient (o) and thermal conductivity (¢) for CuBond36 sample

The electrical conductivity measurement was again dominated by the interface resistance between gold
and the nitride layer. Resistivity of 5e-6 Qcm? was estimated from Z-meter measurements of electrical
resistance. This interface resistivity was 50% lower than the resistivity compared to previous samples.
The decrease in parasitic was due to in-situ copper deposition on metallic nitride before depositing
Cr/Au contacts. Similar interface resistivity was measured independently at Purdue University.

Theory 1% Z-meter 2" Z-meter 3" Z-meter 4™ Z-meter
(@ 300 K) measurement measurement measurement measurement (@
(@ 340 K) (@ 380 K) (@ 305 K) room temp.)
Jan, 2010 Feb, 2010 Sept, 2010 — March, 2011-May,
Dec, 2010 2011
Composition HIN (8nm)/  (Hf0.5,Zr0.5)N (Hf0.5,Zr0.5)N (Hf,Zr)N /ScN (Hf,Zr)N /ScN
ScN(4nm) (6nm)/ScN(6nm) (6nm)/ScN(6nm)
Seebeck 360 2.25 19 30 21
Coefficient (ZT @ (dominated by (130 @ 825 K) (65 @ 625 K)
(nV/K) 300K =0.7)  metallic short)
Thermal 2.8 2.7 4.6 2.35 2.4
conductivity
(W/m K)
Electrical 500 135 50 Interface Interface parasitic:
conductivity (6 nm HfN / parasitic: 5e-6 Qcm’
(1/ Q cm) 6 nm ScN) 1.3e-5 Qcm? (in-situ copper
@ AEc = deposition on top of
1040 meV metallic nitride)



B. Sub-micron Mapping Thermal Conductivity of Thermoelectric Thin Films

We have developed micro-instrumentation utilizing the thermoreflectance (TR) technique to
characterize thermal conductivity and material uniformity. The instrument, shown in Fig. 26, consists
of a heating element for creating temperature gradients; an invar bar with in sifu temperature
monitoring is used for heat flux measurements. The thin-film sample is sandwiched between the heater
and invar bar while a microscope is used to direct light onto a cross section of the sample and reflected
light is collected with a camera. The changes in reflectivity (AR) caused by changes in surface
temperature (AT), as described by the relationship: AT=AR/kR, where « is the material and wavelength
dependent TR coefficient and R is reflectivity at room temperature. By using this technique, we can
achieve a high spatial resolution for thermal conductivity and eliminate contributions from thermal
contact resistance, but also eliminate the need for sample preparation other than cleaving.

CCD camera
(dT/dt measurement)

Li ht_ I i
sm? rce I- Amplitudem,

Microscope

objective v

Heatsink | Invar+Gold TEG| Heat sink

1T
Thermocouple SamplelG.J

(Q measurement)

Fig. 34: Schematic diagram of micro-instrumentation for thermal conductivity measurements and

mapping.

The instrument is utilized to examine 1) thermal conductivity of a 60 um ErAs: InGaAlAs TE element
and 2) temperature profile across a 5 um ErAs: InGaAlAs TE element on 45 um InP substrate. ErAs:
InGaAlAs is chosen due to its tendency to cleave along definite smooth planar surfaces determined by
its crystal structure, which is crucial for TR measurements. The 60 um sample has a uniform material
composition and is used to validate the accuracy of the measurement.

The sample is cleaved with a smooth surface. It is then cleaned and mounted between the invar bar and
the heating element. A 50 mHz sinusoidal current (3A, peak-to-peak) is injected into the TE heater,
and phase locked to the camera using two coupled function generators. The images are then taken
using trigger frequencies of 200 mHz. For each measurement, 20000 iterations of averaging are
performed. The temperature profiles across the sample are shown in Fig. 35. The images are averaged
in the transverse direction in order to improve the temperature resolution and obtain a thermal profile
of the element along the direction of heat flux. The linear temperature profile indicates that the thermal
conductivity remains constant across the sample during the long (24 hours) MBE growth of the sample.
It shows the thermal conductivity has less than 7% of variations across the sample.



35
5 y = -0.1569x + 32.705
'S RZ=0.93324
e 30 A
2
3
g
£ 25
k)
20

0O 5 10 15 20 25 30 35 40 45 50 55 60
thickness (um)

Fig. 35: Temperature profile of the ErAs: InGaAlAs TE element at the modulation frequency of 50
mHz.

To further improve the measurement accuracy, different temperature gradients are created and
therefore different heat fluxes are measured across the sample. A linear curve fitting of temperature
gradient versus heat flux is shown in Fig. 36. The thermal conductivity of 2.3 W/mK is extracted. The
average thermal conductivity obtained with the 3-omega method is 2.5 W/mK.
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Fig. 36: Temperature difference across ErAs: InGaAlAs TE element as a function of heat flux

The instrument is utilized to examine thermal conductivity variations across a sample consisted of 5
pm of 0.6% ErAs: N-type InGaAlAs on 45 um of InP substrate. A 100 mHz sinusoidal current (3A,
peak-to-peak) is injected into the TE heater, and phase locked to the camera using two coupled
function generators. The images are then taken using trigger frequencies of 400 mHz. The temperature
profile across the sample is shown in Fig. 37. Two temperature slopes have been observed. This
indicates two different thermal conductivities. Most of temperature drop is across the ErAs: N-type
InGaAlAs TE element, which shows it has lower thermal conductivity than the InP substrate (68
W/mk).
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Fig. 37: Temperature profiles of ErAs: InGaAlAs on InP substrate.

12. Nanoscale modeling of charge transport (UCSC, UCSB, MIT)

During the period Aug. 2010 to Jul. 2011, the Bowers group developed a rigorous procedure for
calculating transport coefficients of p-type materials including the effects of inelastic and inter-band
scattering in a coupled-band model, under the framework of the Boltzmann transport theory. This
helped develop appropriate controls for assessing ErSb:InGaSb and other nanocomposites of p-type
II1-V compound semiconductors and their alloys.

UCSC group calculated the thermoelectric properties of of TbAs:InGaAs samples. The calculations
were based on Boltzmann transport equation using relaxation time approximation and included all
major electron scattering mechanisms. It turns out that both the ionized impurity scattering and ionized
nanoparticle scattering models fit with UCSC’s data points quite well, as seen in Fig. 38. UCSB
group’s measurements gave a little higher Seebeck coefficient. We are currently checking the
measurement more carefully to see where the discrepancy comes from.
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Fig. 38: Measurements and modeling of Seebeck coefficient of TbAs: InGaAs with 0.78% Tb




UCSC group also work with MIT group to study the effects of resonance states of core/shell
nanoparticles on thermoelectric transport. Using the partial wave method, we could calculate the
electron scattering time of these nanoparticle inclusions, as shown in Fig. 39. The inset is a schematic
of the potential of a core/shell nanoparticle. At electron resonance levels, electron has peaks of electron
scattering rate. The position, width, and amplitude of these peaks can be tuned by the size, potential
steps, barrier width, and effective masses of the core/shell structure. By using the optimal choices of
nanoparticles, it is predicted by calculation that a 155% thermoelectric power factor enhancement can
be achieved for PbTe at 80K, as shown in Fig. 40. We also performed the same calculation for InGaAs
alloys. It turns out that ionized impurity scattering has a major impact and II-VI material (such as
PbTe) could benefit more from the core/shell resonant scatters.
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Fig. 39. The electron scattering time of core/shell nanoparticles.
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13. Predicted Thermal Stress in a Thermoelectric Module (TEM) Design

A simple, easy-to-use and physically meaningful analytical (mathematical) model is developed for
the prediction of the interfacial shearing thermal stress in an assembly comprised of two identical
components (adherends) subjected, however, to different temperatures. The inhomogeneous bonding
system is comprised of a plurality of identical column-like supports located at equal distances (spaces)
from each other. One encounters such a situation in a thermoelectric module (TEM) design, where
bonding is provided by multiple thermoelectric material (such as, e.g., Bismuth-Telluride-Alloy, Si, or
SiGe) supports (legs). The objective of the analysis is to demonstrate that appreciable stress relief
could be achieved when the fractional area coverage of TE legs and the spacing between them are
optimized. It is imperative, of course, that if thin legs are employed for lower stresses, there is still
enough interfacial “real estate”, so that the adhesive strength of the assembly is not compromised. On
the other hand, owing to a lower stress level in an assembly with thin legs and large spacing, assurance
of its interfacial strength is less of a challenge than for a conventional assembly with stiff, thick and
closely positioned legs. Future work will include experimental evaluations of the stress-at-failure for
the TEM designs of interest.

Case study
Table |
Mechanical properties of materials employed in TE module
Material Young Modulus (GPa) CTE (ppnv/ °C) Poisson’s ratio

Ceramic Component 380 6.5 0.28
Copper Stripe 115 17 0.31

(metallization)
Sn-Sb solder layer 44.5 27 0.33
Be,Te; leg 47 16.8 0.4

The analytical solution is applied to the TE module structure. The material properties are given
in Table I. Three different assembly sizes of 10, 20, and 40 mm (L=5, 10, and 20 mm) were chosen.
The value of /, the half-length of the bonded regions, has been varied to evaluate its effect on the
maximum interfacial shear stress. The temperature difference between the top and the bottom
components (AT) is 130°C (160 -30). The thickness of the thermoelectric leg is chosen to be 4 mm.
Bonded region and component thicknesses are set according to Fig. 33. The maximum interfacial
shear stress versus bonded region length for different assembly lengths is obtained using the
analytical model (see Fig. 42). As can be seen, as the bonded region length decreases the maximum
interfacial shear stress is reduced. Also, for the same bonded region length increasing the assembly
length will decrease the maximum shear stress. This means that by increasing the L/2/ ratio, or
decreasing the fractional area coverage of the thermoelectric legs the maximum shear stress will drop.
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14. System integration and test (BSST)

During the third year of the project, BSST continued to test bulk materials and they
became available and reported the characterizations to the team. BSST also continued
work on advanced instrumentation developed to assist in the material testing. Lastly, as
part of BSST’s Phase I SOW, BSST assessed the manufacturability and scalability of
material systems for various thermoelectric applications.

Objective 1: Characterization of new materials.

During this period, BSST received four samples of Gallium Indium Arsenide from
Purdue. BSST completed a contour plot (Figure 43) of each sample and created a
histogram, demonstrating the quality of homogeneity of each sample. None of the
samples tested were found to have promising uniform characteristics. This was one of the
main reasons the bulk growth activity using Bridgemann technique was stopped.
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Figure 43. Contour Plot of Purdue Sample PUR-GIA-E-20A-1.

Objective 2: Improve test methodology by developing more advanced test devices
and processes.

BSST has designed and built a multi-probe scanning Seebeck tool under this project
(Figure 44), allowing for faster and more consistent testing. It will also be useful in
analyzing causes of nonuniformity in samples. The tool has been operated in manual
mode for initial testing. An x-y stage was acquired and is being place into the unit.
Programming and automation are the next steps for finalizing the tool.



Figure 44. Photograph of Scanning Seebeck tool in frame.
Objective 3: Assess manufacturability of thermoelectric material systems.

Traditional commercial TE materials are generally fabricated from bulk TE materials,
with dimensions of 0.5 to 10 mm in the direction of current flow. However, some of the
most promising ZT thermoelectric materials have been produced at least initially as films.
Two factors reduce device level performance and hence present commercialization
challenges for the film TE materials. Both are roughly inversely proportional to the TE
material thickness in the direction of current flow:

1. Reduction in device level ZT due to parasitic losses.
2. Increase in internal shear stresses and TE material degradation associated with
internal temperature gradients.

Several device geometries are under development to address the limitations imposed by
film TE materials. Applications for film materials can be sensors, self powered controls
and possibly some spot cooling of electronics. There remains the need to develop bulk
versions of promising TE materials especially for potential usage in high volume
industrial, residential and vehicle markets for heating, ventilation and air conditioning
(HVAC) and waste heat recovery.

One potential direction where thinner TE elements could be useful in big scale energy
and power generation applications, is the use of low fractional area coverage
thermoelectric elements in a module (Fig. 45). The idea is to use heat concentration
through thermoelectric plates and minize the use of expensive TE material (~$500/kg for
BiTe or PbTe). With 5-10% area coverage, the optimum leg length would be on the order
0f 0.3-0.5mm. Assuming hot side temperature of 600K, cold reservoir at 300K, Heat
flux:5~7x10°W/m?, element density:100/cm?, it becomes possible to reduce the cost of
material in TE heat recovery system from $1-2/W to $0.05-0.1/W with the use of new
module geometry with low fractional area coverage.
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J. M. O. Zide, “Novel Semiconductor and Epitaxial Nanocomposite Materials for Energy
Conversion Applications” Presented at Millersville University, Millersville, PA (2011).
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Thermionic Energy Conversion Device Fabricated from Laminated Nanostructured
Metal/Semiconductor Superlattices,”, 2010 Electronic Materials Conference, University of
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between nano and micro for advanced thermoelectric materials/devices,” UGIM 2010
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J. M. O. Zide. “Novel Metal/Semiconductor Nanocomposite and Superlattice Materials and
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Energy Conversion,” Poster N3.9, 2009 MRS Spring Meeting, San Francisco, CA (2009).

J. Schroeder, P. Burmistrova, R. Wortman and T.D. Sands, “Alternative Substrates for
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Honors and Awards
(1) Joshua M. O. Zide: 2011 North American Molecular Beam Epitaxy Young Investigator

Number of Patents Disclosed: 1

List of patent titles disclosed
(1) "EFFECTIVE AND SCALABLE SOLAR ENERGY COLLECTION AND STORAGE,"
Kazuaki YAZAWA, Zhixi BIAN, Ali SHAKOURI

Number of Patents Awarded: 2

List of patent titles awarded:

(1) United States Patent Application, EFS ID 8939363, LAMINATED THIN FILM METAL-
SEMICONDUCTOR MULTILAYERS FOR THERMOELECTRICS, (Jeremy L. Schroeder and
Timothy D. Sands)

(2) Provisional United States Patent, EFS ID- 9611658, P-TYPE LANTHANUM STRONTIUM
MANGANATE/LANTHANUM MANGANATE PEROVSKITE OXIDE
METAL/SEMICONDUCTOR SUPERLATTICES FOR THERMOELECTRICS, (Pankaj Jha and
Timothy D. Sands)

Technology Transfer (any specific interactions or developments which would constitute
technology transfer of the research results). Examples include interaction with other DOD
scientists, interactions with industry, initiation of a start-up company based on research
results or transfer of information which might impact the development of products.

(1) Structured Materials Industries, Inc. (Piscataway, New Jersey) has obtained several SBIRs from
DOE and from NASA in order to commercialize their antimonide MOCVD reactor. Structured
Material Industries, Inc. grew all of the rare-earth InGaSb and InAsSb material in the phase I of the
DARPA project as they were optimizing Prof. Nobby Kobayashi’s reactor to be installed at UC
Santa Cruz. The work on Prof. Kobayashi’s system allowed SMI to develop a new MOCVD system
which has applications beyond thermoelectrics in high speed electronics and in infrared imaging.

(2) The DARPA funding has enabled BSST to invest in improving test devices and methodology
which speeds characterization of materials that BSST is preparing to commercialize. As a part of
this research, BSST has developed an experimental multi-probe scanning Seebeck tool. The
advances of this tool allow for: (a) significantly improving the time to collect data - minutes rather
than days; (b) a more thorough analysis of uniformity; and (c) diagnosing conditions that are the
cause of non-uniformities.

(3) With technical assistance from U. C. Berkeley, UCSB group implemented the “Three-Omega”
method for measuring thermal conductivity of thin films and substrates. Funding under DARPA for



the implementation of the Three-Omega method in UCSB had a positive impact on other
thermoelectrics and photonics efforts in UCSB, as evidenced by the fact that the hardware, data
acquisition software and numerical analysis software4 developed under this project is routinely
utilized by other research groups.

(4) InP-based materials were specifically chosen due to the maturity of both the materials and the
processing technologies associated with them. In this portion of the project, Delaware group is
maintaining close communications with other project members to ensure smooth technology
transfer is possible. More specifically, we are remaining in close contact with the Bowers group
about the integration of these materials into new devices and on processing techniques, discussing
how we can provide guidelines for more-readily-commercialized bulk materials with team members
at Purdue, and especially remaining in close discussions with BSST about requirements for project
materials for eventual technology transfer into devices and systems which will meet the needs of
Department of Defense (and other) customers. Based on these discussions, we are focusing heavily
on InGaAs-based materials.



